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The Commercial Space Transportation Study (CSTS) suggests that considerable
market expansion in earth-to-orbit transportation would take place if current launch
prices could be reduced to around $400 per pound of payload. If these low prices can be
achieved, annual payload delivered to Low Earth Orbit (LEO) is predicted to reach 6.7
million pounds. The primary market growth will occur in communications, government
missions, and civil transportation _. By establishing a cost target of $100 - $200 per pound
of payload for a new launch system, the HRST program has clearly set its sights on
removing the current restriction on market growth imposed by today's high launch costs.
To capture a significant portion of the expanded market, a new launch system in the
20,000 pounds of payload class would need to fly over 200 flights to LEO per year.
Under HRST program guidelines, the launch costs should not exceed $4 million per flight
-- an order of magnitude lower than the current target being used by NASA's reusable
launch vehicle (RLV) program 2. To meet this challenge, "design for life cycle cost" must
replace "design for performance." Focus must shift to cost and operability, and each
design decision made must fully consider life cycle cost impacts. Advanced technologies
should be used where cost effective. System reliability and robustness will be critical to
achieving the aircraft-like operations often associated with a low-cost, mature
transportation system. But perhaps most importantly, the vehicle designer must expand
the design space to include disciplines normally associated with the business world ---
marketing strategies, customer imposed design requirements, funding limitations, and
innovative operating strategies.
In particular, achieving the goal of $100 - $200 per pound of payload will require
significant coordinated efforts in 1) marketing strategy development, 2) business
planning, 3) system operational strategy, 4) vehicle technical design, and 5) vehicle
maintenance strategy. (NASA-CR-199561) HIGHLY REUSABLE N96-16889
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Many concepts for achieving HRST's aggressive cost goals will be proposed and
evaluated during the course of the program. In fact, there is almost certainly more than
one "right answer" n that is, more than one launch system concept capable of achieving
the desired goals. While individual concept definition and evaluation remains to be
performed, it is appropriate to establish a rough set of hypotheses and ideas to guide the
selection of potential candidates for additional concept definition work. The following
sections outline proposed cost savings strategies in each of the five disciplinary areas
listed above.
Marketing Strategy Development
The CSTS study predicts an elastic ETO market that will expand by nearly a factor of
ten over today's market if prices can be significantly reduced. However, a new system
must be appropriately positioned to capture payloads in many or all of the individual
traffic segments. A vehicle designed to deliver humans to orbit might look significantly
different than one designed to dispose of nuclear waste or one designed for multiple
mission use. Well defined mission requirements (e.g. target orbit, payload weight,
payload volume, life support requirements) are necessary in each marketing segment, and
the vehicle concept must be designed around these requirements.
Since the mission requirements are likely to be dissimilar in many marketing of the
segments, it is likely that a new vehicle concept will actually be a small family of
vehicles, rather than a single vehicle. Each member of the family will be based on
common technologies and similar design guidelines, but will be optimized to capture a
particular market segment.
Although the expanded ETO market is attractive, a vehicle system designed to
capture even larger markets could have increased flight rates, easier amortization of
development and infrastructure costs, and therefore improved rate of return to private
investors. Potential supplementary markets include small payload ETO missions, direct
GTO missions, large military ETO missions, military transatmospheric missions (e.g.
reconnaissance and global force projection), suborbital flight test experiments, and
commercial high-speed endoatmospheric flight missions (e.g. VIP and high priority
package delivery). A HRST system should target as many of these additional markets as
feasible.
Business Plan
While it is the tendency of engineers to concentrate on vehicle design and vehicle
performance, it is the business plan for a new launch system that will ultimately
determine the financial success of the system. The U.S. government can probably be
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expected to continue its practice of sharing the development cost of new space systems
with the aerospace industry. The government can also be expected to pay for much of the
technological development and provide anchor tenancy for new systems, but 50% or
more of the development cost will likely come from private sources/investors. Therefore
the rate of return on investment becomes a paramount concern for a new system.
Upfront development costs for manufacturers cannot be excessive (under $4 - $5
billion of private investment) and system operations must produce a positive return (a
profit) within a relative short timeframe (perhaps 4 to 6 years). Infrastructure and ground
facilities costs must be limited, and long development times from time of initial capitol
investment must be avoided. Given the development risks, price/cost margins must be
sufficient to produce returns to investors on the order of 30% - 40%.
In addition to the cost per pound of payload goal, business plan-derived financial
requirements and restrictions must be properly accounted for in a successful concept
design. In many cases, financial restrictions will directly impact technical decisions made
on the vehicle concept design.
System Operational Strategies
With the exception of amortizing investment cost, ground and flight operations are
the two largest contributors to per flight launch costs in a highly reusable launch system.
The standing army of technicians required to maintain, refurbish, checkout, and ready the
Space Shuttle for flight must be significantly reduced on a new launch system in order to
meet HRST cost goals.
To obtain aircraft-like operations, a paradigm shift from the government as designer-
developer-operator-customer to a scenario more like the airframer-air carrier relationship
will be required. A single manufacturer/multiple operator system has potential to exert
significant downward pressure on launch operations cost.
Use of a single manufacturer maximizes vehicle production runs, maximizes learning
effects, reduces tooling startup costs, and reduces duplication of design effort. Because of
the high degree of commonality between members of the overall family of vehicles, a
single manufacturer would be used to produce all vehicles. Prime contractor -
subcontractor arrangements of airframe manufacturers and design partnerships with the
government might be considered as alternatives.
Multiple vehicle operators m perhaps even competing in certain market segments
would have a strong profit-motive to reduce operations cost. They would exert pressure
on the manufacturer to keep hardware and infrastructure investment costs low and
operability high. Commercial carders would operate individual vehicles from the family
-3-
in manyof thenewmarkets(e.g.spacetourism,high speedpackagedelivery) aswell as
theexpandedETO market(analogousto the newly formedOSC/RockwellSpacelines).
The governmentwould assumea role as an anchor tenantfor the civil ETO payload
carrierandwouldonly serveasoperatorfor military missions.
The choice of operationalstrategyhasa significant effect on the vehicle technical
design.The family of vehiclesmust be designedto meet the requirementsof several
different marketsegmentsand operatorswhile maintaininga small overall numberof
vehicledesignsanda high degreeof commonality.Launchinfrastructurecostsmust be
keeplow in orderto reducecarderinvestmentcosts,andthevehiclemustbecapableof
operatingfrom severallaunchsitesestablishedby thedifferentcarriers.
Vehicle Technical Design
Feasible concept designs are one of the expected products of the HRST project.
Proposed designs are expected to represent a broad spectrum of shapes and ideas, and it
would be premature to pick a particular preferred design concept at this stage of the
project. However, consistent will the establishment of broad guidelines and strategic
arguments in the sections above, certain vehicle/family design characteristics can be
inferred from the HRST cost goals.
Most mature, low cost transportation systems are highly reusable -- railroads,
automobiles, airplanes. It is reasonable to expect that a space transportation system
capable of meeting HRST cost requirements will also consist of highly reusable
hardware. Vehicle designers must be cognizant of the need to recover and reuse hardware
for many flights. Fleet sizes are expected to be small, and therefore the number of flights
per vehicle will be high.
It will be the vehicle designer's challenge to design a small family of vehicles capable
of meeting all of the missions targeted in the marketing plan in a cost effective manner.
Single-stage, multi-stage, and launch assisted vehicles are all potential candidates. If
multiple operators are to be used, then the infrastructure and facility costs must be kept
low.
Because of high incremental costs, successful systems will likely avoid the use of a
flight crew unless necessary to full'all mission requirements. New technologies should be
incorporated into the system only if they are cost effective. Advanced propulsion,
actuators, avionics, materials, and heat shielding technologies all have the potential to
improve vehicle performance, but their use must be weighed against financial investment
limitations imposed by the business plan. Commonality of technology across a family of
vehicles will be necessary to distribute development cost.
-4-
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Vehicle Maintenance Strategy
An important subset of the vehicle technical design is the vehicle maintenance
strategy. In fact, given the high cost of maintenance and refurbishment on the Space
Shuttle, it is appropriate to address maintenance strategy as an individual discipline.
Routine maintenance and major refurbishment must be easy to accomplish and be
cost-effective. Designers must make use of concurrent engineering techniques to
maximize the maintainability of the system. Input from maintenance engineers and
technicians should be solicited early in the concept design process. Access panels to
subsystems, built-in test equipment, line replaceable units, simplified inspection and
checkout procedures, increased mean time between maintenance (MTBM) for
components, increased component reliability, and robust system operation (e.g. engine
out) are all parts of a low maintenance cost system.
A key difference between current space transportation systems and operational
aircraft systems is the level of margin built into the vehicle. Current space vehicles have
been designed for maximum performance and have unacceptably low margins on most
components (e.g. engine turbopumps and landing gear structure on the Space Shuttle).
The result has been a high performing system with very high maintenance and post-flight
inspection costs, A family of vehicles capable of meeting HRST cost goals should require
an order of magnitude less inspection after each flight and have an increased number of
flights between normally scheduled maintenance activities (around every 20 - 25 flights).
However, this increased system robustness should not come at the expense of decreased
reliability and system safety.
Summary and Approach to System Design
Each of the sections above has offered suggestions for designing an advanced launch
system capable of meeting the $100 - $200 per pound of payload cost target established
by the HRST program. In addition, it has been argued that the design of a successful
system involves more than just the technical engineering disciplines. It depends just as
heavily on business and financial planning disciplines as well. The HRST design space is
highly multidisciplinary -- involving skills in vehicle performance and sizing,
technology assessment, market planning, business strategy planning, cost estimation,
operations modeling, and maintenance modeling. The designer must recognize and solve
the true multidisciplinary problem in order to produce a successful HRST concept.
Multidisciplinary design optimization (MDO) is an emerging field in aerospace
engineering capable of searching vast design spaces with inputs from a variety
disciplines 3. To date, these MDO methods (ranging from complex optimization
procedures to simple multi-variable response surface techniques) have only been used on
problems with traditional engineering disciplines. However, it is highly likely that MDO
-5-
can be extended for use in the HRST program. MDO methods will provide a sound
approach to system design and concept selection. However, a significant effort will be
required to produce design-oriented analysis models for each of the five critical areas
discussed above.
Parametric analysis models in each of the appropriate disciplines will be required.
Care should be taken to avoid "point designs" in the search for suitable design
candidates. Trends and effects of various design and planning decisions should be
coupled with designer intuition and experience to identify promising vehicle/family
concepts. Standard assumptions and groundrules will also be required in order to produce
fair comparisons between different concepts.
By considering the true multidisciplinary problem presented by the HRST program,
the chances of producing a successful design will be improved. In addition, engineers
must recognize the importance of business and financial planning disciplines on their
designs. The author hopes that some of the ideas presented in this paper will help the
HRST program reach its goals.
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WEIGHT STATEMENT - LEVEL I (ib)




4.0 Induced environmenc protection
5.0 Undercarriage and aux. systems
6.0 Propulsion, main
7 0 Propulsion, reaction control (RCS)
8 0 Propulsion, orbital maneuver (OMS)
9 0 Prime power
I0 0 Electric conversion and distr.
ii 0 Hydraulic conversion and distr.














28.0 Propellant, reaction control











































































unmanned ssv, ssme-50 der. - 20 klb p/l, 28.5 deg incl.
DESIGN DATA
payload volume (cu. ft.)
payload weight (Ib)













































Theoretical wing area (sq. ft.)
Wing loading at design wc (psf)
Wing planform ratio, sexp/sref
Sensitivity of volume _o burnout wt (cu. ft./klb.)












To_al volume (cu. ft.)
Tank volume (cu. ft.)












DENSITY FLUID VOLUME TANK VOLUME
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WEIGHT STATEMENT - LEVEL ! _ib)




4.0 Induced envircnmen_ protection
5.0 Undercarriage and aux. systems
6.0 Propulsion, main
7.0 Propulsion, reaction control (RCS)
8.0 Propulsion, orbital maneuver ¢OMS)
9.0 Prime power
i0.0 Electric conversion and distr.
II.0 Hydraulic conversion and distr.














28.0 Propellant, reaction control











































































unmanned ssv dual-fuel, rd-701, horz. 30 ft p/l bay, 20klb p/l - 28.5 inc.,
DESIGN DATA
payload volume (cu. ft.)
payload weight (Ib)

















nose_sect ion_area sq__f _in_er_ank area sq ft
af t body_area . sq_f t _
engine_bay_area sq_ft_






carry through width ft_
exposed_wing_span . ft




body flap length (ft)

























Theoretical wing area (sq. ft.)
Wing loading at design wt (psf)
Wing planform ratio, sexp/sref
Sensitivity of volume _o burnout wt (cu. ft./klb.)











Total volume (cu. fZ.)
Tank volume (cu. ft.)


















lox (Wing) 0.0000 71.14
FLUID VOLUME Tf_[K VCLUME
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HTO sled launch RBCC with engine #11





























Ascent Reserve and Unusable Propellants






































Maximum Pre-taunch Weight 850,807
Ve_icta Weight Statement
HTO sJed launch RBCC with engine #11
V launch = 800 fps, q = 2000 psi, Mtr ==6
1.0 Wing Group














































Thrusters (15 pressure fad)
Prop. tanxs/empty(195 psia)




Thrusters (22 pressure fed)
Prop. tanksiempty(195 psia)




Engines (4 pump fed)
Prol_, tanks/empty(25 psia)
Ha gressnt, tank(3000 psia)






10.0 Electrical Conversion & E]ist,































































































Food. water, waste manag.
Seats. etc.
16.0 O_ Weight Margin (15%)
Dry Weight
17.0 Crew and Gear
18.0 Payloaa Provisions
19,0 Cargo (up and down)
20.0 Residual ProDellant8
OM,_'RCS residuals
Fore LH2 RCS residuats
Fore LOX RCS mschJa_
Aft LH2 RCS residuals



































25.0 Ascent Reserve and Unusable F_robellants
LH2 reserves and unusaoles
LOX reserves and unusables











































































Maximum Pre-lsunch Weight 850,807
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5 degree cone, VTO RBCC SSTO with engine #10











































































Ascent Reserve and Unusable Propellants






27.0 Ascent Propellants 352,340







5 degree cone, V'fO RBCC SSTO with engine #10










































6.0 Main Propulsion (less cowl)
FIBCC Engines








Thrusters (15 pressure fed)
Prob. tanks/empty(195 psia)




Thrusters (22 pressure fad)
Prop. tanks/emoty(195 psia)




Engines (4 pump fed]
Prop. tanks/empty(25 psia)
He pressnt, tank(3000 psia)






10.0 Electrical Conversion & Dist.































































































Food, water, waste manag.
Seats. etc.
16.0 Dry Weight Margin (15%)
Dry Weight
17.0 Crew and Gear
18.0 Payload Provisions
19.0 Cargo {up and down)
20.0 Residual Propellents
OMS/RCS residuals
Fore LH2 RCS residuals
Fore LOX RCS residuals
Aft LH2 RCS residuals



































25.0 Ascent Reserve and Unusable Propellants
LH2 reserves and unusaPtes
LOX reserves and unusa01es
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5 degree cone, VTO RBCC SSTO with engine #10
































Dry Weight Margin (15%)










































Ascent Reserve and Unusable Propellants







27.0 Ascent Propellants 409,905









5 degree cone, VTO RBCC SSTO with engine #10










































6,0 Ma_n Propulsion {less COWl)
RBCC Engines
Elector rocl<els (incl. pumps)
Diff./CombJNoz. (wl cooling)
Fan/gas generator/storage




Thrusters (15 pressure fed)
Prop. tanKs/empty(195 psia)




Thrusters (22 pressure fed)
Prop. tanks/empty(195 paid]




Engines (4 pump tad)
Prop. tanks/empty(25 psia)
He pressnt, tank(3000 paid)






10.0 E]ectncal Conversion & Dist.





























































































Food. water, waste maneg.
Seals. etc.
16.0 Dry Weigtlt Margin (18%)
Dry Weight
17.0 Crew and Gear
18.0 Payload Provisions
T9.0 Cargo (up and down)
20.0 Residual Propellants
OMS/RCS res=duals
Fore LH2 RCS residuals
Fore LOX RCS residuaJs
Aft LH2 RCS residuals



































25.0 Ascent Reserve and UnusaPle Propellants
LH2 reserves and unusaPlas
LOX reserves and unusables
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HTO sled launch RBCC with engine #11





























Ascent Reserve and Unusable Propellants















































HTO sled launch RBCC with engine #11






Payload Bay/tntetlank Slructure 6,844
Structure 3,144

































































Thrusters (15 pressure fed)
Prop. tanksJempty(lg5 psia)




Thrusters (22 pressure fed)
Prop. tanks empty(195 psia)




Engines (4 pump fed)
Prop. tanks/empty(25 psia)
He pressnt, tank(3000 psia)






10.0 Electncal Conversion & Dist.



























































Fooa. water, waste manag.
Seats, etc.
16.0 Dry Weight Margin (15%)
Dry Weight
17.0 Crow aria Gear
18.0 Paytoad Provisions
19.0 Cargo (up and clown)
20.0 Residual Propellants
OMS/RCS resk/ua_
Fore LH2 RCS residuals
Fore LOX RCS residuals
Att LH2 RCS residuals



































25.0 Ascent Reserve and Unusable ProDs,ants
LH2 reserves ancl unusaDles
LOX reserves and unusabies














































































Maximum Pre-launoh Weight 995,509
_ L - ,_>::o _-7 s-
= k,. 'z %"A
- .2._4.
b.._,--.-_l
,,,,_%_ ,.-_cS"_ .-1 _ 4-
ee_7_7o --
f
V,,"_. - _7'z_o3 - b. \_"7
7V3-'1 "bZ
: _7_
. 3 % "z.._
,,8_ ._




= "7 _.731 = . "7 _<;"
,\
G_°_




WEIGHT STATEMENT - LEVEL I (Ib)




4.0 Induced environment protection
5.0 Undercarriage and aux. systems
6.0 Propulsion, main
7.0 Propulsion, reaction control (RCS)
8.0 Propulsion, orbital maneuver (OMS)
9.0 Prime power
i0.0 Electric conversion and distr.
ii.0 Hydraulic conversion and distr.










23 0 Residual and unusable fluids
25 0 Reserve fluids
26 0 Inflight losses
27 0 Propellant, main
28 0 Prope!lan_, reaction control











































































ur_anned ssv dual-fuel rd-701, horz. 30 ft p/l bay, 25klb p/l - 51.6 inc.,
DESIGN DATA
payload volume (cu. ft.)
payload weight (lb)




















eng i ne_bay_ar ea sq__ f t _
lox_tank we_ted area__sq__ft
fox_tank volume cu ft_
lh2_tank wetted area__sq_ft









body flap length (ft)

























Theoretical wing area (sq. ft.)
Wing loading at design wt (psf)
Wing planform ratio, sexp/sref
Sensitivity of volume to burnout wt (cu. fz./klb.)











Total volume (cu. ft.)
Tank volume (cu. ft.)

















DENSITY FLUID VOLUME T_rK VOLUME










5.0 Undercarriageand aux. systems
6.0 Propulsion, main
7.0 Propulsion, reaction control (RCS)
8.0 Propulsion, orbital maneuver(OMS)
9.0 Primepower
i0.0 Electric conversion anddistr.
Ii.0 Hydraulic conversion and distr.








21 0 Payload accomodations
22 0 Payload
23 0 Residual and unusable fluids
25 0 Reserve fluids
26 0 Inf!ight losses
27.0 Propellant, main
28.0 Propellant, reaction control











































































unmanned ssv, ssme-50 der. - 25 kib p/l, 51.6 deg incl.
DESIGN DATA
payload volume (cu. ft.)
payload weight (Ib)













































Theoretical wing area (sq. ft.)
Wing loading at design wt (psf)
Wing planform ratio, sexp/sref
Sensitivity of volume to burnout wt (cu. ft./klb.)











Total volume (cu. ft.}
Tank volume (cu. ft.)






















FLUID VOLUME T_{K VOLUME
(cu. ft.) <cu. f:.)
83001. 86768.
30931. 32335,
O. O,
